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[1] The existence of hemispherical variation in the Earth’s inner core is well-documented,
but consensus has not yet been reached on its detailed structure. The uppermost layers are a
region of particular importance, as they are directly linked to the growth processes and
post-solidification mechanisms of the inner core. Here, we use a large PKIKP-PKiKP
differential travel time residual data set to derive a model for the upper inner core,
providing new constraints on its isotropic and anisotropic velocity, and the amount of
scattering. We find that the eastern and western hemisphere are separated by sharp
boundaries. This is incompatible with the recently proposed inner core translation model,
but might be explained by differences in outer core convection and inner core solidification
rates. The eastern hemisphere displays weak anisotropy of 0.5%–1.0%. The western
hemisphere, on the other hand, is characterized by the presence of an isotropic upper layer
with a thickness of 57.5 km, with anisotropy of 2.8% appearing at deeper depths. The
boundary between the isotropic layer and the deeper anisotropy appears sharp. We also
detect, for the first time, a high velocity layer at the top of the eastern hemisphere with a
thickness of 30 km, which we interpret as being due to an increased amount of light
elements. There appears to be no relationship between the layered structure in the two
hemispheres, with abrupt changes in velocity with depth in one hemisphere without any
significant change at the same depth in the other hemisphere. Our results indicate that there
is a difference in composition and mineral structure between the hemispheres, resulting in
differing responses to external processes.
Citation: Waszek, L., and A. Deuss (2011), Distinct layering in the hemispherical seismic velocity structure of Earth’s upper
inner core, J. Geophys. Res., 116, B12313, doi:10.1029/2011JB008650.
1. Introduction
[2] As the Earth cools, its solid inner core grows over time
through solidification of the fluid outer core. Material from
the outer core freezes onto the surface of the inner core at a
rate of 1 mm/yr [Jacobs, 1953; Labrosse et al., 2001],
resulting in an age-depth relation for the inner core, whereby
deeper structure is older. As the properties at the inner core
boundary (ICB) are frozen into the structure, a record of the
changing environments through the Earth’s past is gener-
ated. Although the thermal history of the inner core remains
unclear, the seismic velocity and attenuation properties of
the uppermost inner core are directly linked to processes
which are unlikely to have changed significantly over the
last 100 Myr. Thus, through ‘peeling back’ the layers of the
inner core, we can unravel its most recent past [Deguen and
Cardin, 2009].
[3] Unfortunately, the seismic velocity structure of the
uppermost inner core is still a topic of debate, preventing
us from making direct links with Earth’s thermal history.
Large scale hemispherical velocity structures [Tanaka and
Hamaguchi, 1997; Deuss et al., 2010], and an isotropic
upper layer atop deeper anisotropy are consistently observed
[Song and Helmberger, 1995; Creager, 1999], but consen-
sus is yet to be reached on the details of these properties. In
particular, the reported seismic velocities and the extent and
strength of the layered anisotropic structure are highly vari-
able between different studies, while the sharpness of the
hemisphere boundaries also remains unclear [Garcia and
Souriau, 2000; Ouzounis and Creager, 2001]. We recently
determined the locations of the hemisphere boundaries as a
function of depth [Waszek et al., 2011] and showed that the
hemispheres are compatible with slow inner core super
rotation of 0.1°/Myr; here we will study the corresponding
isotropic and anisotropic velocity structure of the top 100 km
of the inner core.
[4] Velocity anisotropy, with the fast axis aligned in the
direction of Earth’s rotation axis, has been observed using
both body wave and normal mode techniques. It was origi-
nally thought to be present throughout the inner core
[Poupinet et al., 1983;Morelli et al., 1986;Woodhouse et al.,
1986; Creager, 1992; Vinnik et al., 1994]. Later studies
found that the strongest anisotropy is located at the center of
the inner core [Su and Dziewonski, 1995], while the outer-
most regions can be considered isotropic [Shearer, 1994;
Song and Helmberger, 1995]. Tanaka and Hamaguchi
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[1997] discovered that the inner core displayed a hemi-
spherical velocity structure; Creager [1999] subsequently
showed that the upper isotropic layer is only present in the
western hemisphere, with no equivalent layer in the east.
[5] Since its initial discovery, there remains much dis-
agreement with regards to the depth extent of the isotropic
layer into the western hemisphere of the inner core. Body
wave studies reported thicknesses ranging from 50 km
[Shearer, 1994; Song and Helmberger, 1995; Ouzounis and
Creager, 2001; Yu and Wen, 2007], to 100–200 km [Song
and Helmberger, 1998; Garcia and Souriau, 2000;
Creager, 2000; Sun and Song, 2008], and in some cases up
to even 250 km [Su and Dziewonski, 1995; Song and Xu,
2002]. This variation in observed thicknesses may be as
result of lateral variations, or it may be uncertainty arising
due to lack of data coverage. Early normal modes studies
contradicted body wave observations; Tromp [1993] deter-
mined the strongest anisotropy to be located in the upper
inner core. Durek and Romanowicz [1999] allowed for an
isotropic layer of 100–200 km thick, but the more recent
normal mode model by Beghein and Trampert [2003]
contained anisotropic structure at the ICB. Most recently,
Irving and Deuss [2011a] found that normal modes are
compatible with an isotropic layer of up to 275 km thick.
In order to link the thickness of the isotropic layer to the
thermal structure of the inner core, we need to know its
extent much more precisely.
[6] In addition, a comprehensive model detailing the
hemispherical differences in the seismic velocity of the
uppermost inner core has yet to be produced. The east
hemisphere has consistently been observed as faster than the
west, although differences in isotropic velocity have been
found to range from as little as 0.5% [Sun and Song, 2008],
to 0.8%–1% [Tanaka and Hamaguchi, 1997; Niu and Wen,
2001; Cao and Romanowicz, 2004], and in some studies as
much as 1.5% [Garcia, 2002]; these differences have been
detected up to depths of 800 km [Oreshin and Vinnik, 2004;
Irving and Deuss, 2011b]. A low velocity uppermost layer
of 40 km thickness has been detected in the equatorial
regions of the eastern hemisphere [Stroujkova and Cormier,
2004], although Cormier [2007] later found that the upper-
most eastern hemisphere has a high velocity and shows more
scattering than the western hemisphere. Greater scattering in
the eastern hemisphere is also observed by Leyton and
Koper [2007].
[7] Another unresolved problem is that a range of aniso-
tropic strengths has been reported for the uppermost inner
core. In particular, the strength of anisotropy in the deeper
western hemisphere has been observed to range from 2%–4%
at depths of 100–200 km [Creager, 1999; Garcia and
Souriau, 2000; Sun and Song, 2008], up to 8% at depths
greater than 250 km [Song and Xu, 2002]. Furthermore, the
majority of investigations described the upper layer in the
western hemisphere as isotropic without clarifying whether
this actually refers to 0% anisotropy [Garcia and Souriau,
2000; Ouzounis and Creager, 2001; Yu and Wen, 2007;
Sun and Song, 2008]. Most studies found no layered struc-
ture in the east hemisphere [Creager, 1999; Garcia and
Souriau, 2000; Sun and Song, 2008], which is reported to
display weak anisotropy of 0.5%–1% throughout the upper-
most regions [Song and Helmberger, 1995; Tanaka and
Hamaguchi, 1997; Creager, 1999]. Conversely, Niu and
Wen [2002] observed the top 200 km of the eastern hemi-
sphere as isotropic, with only 0.4% anisotropy in the deeper
inner core.
[8] It is imperative to place better constraints on the
velocity properties of the uppermost inner core if we are to
understand the origins of the hemispherical structure and the
anisotropy. Two different mechanisms have been proposed;
any valid process must be compatible with both the exis-
tence of hemispheres and the observed anisotropy. The
hemispherical differences may arise from discrepancies in
regional cooling rates causing the east hemisphere to solidify
faster than the west [Sumita and Olson, 1999; Aubert et al.,
2008]. Alternatively, freezing in the west and melting in the
east, accompanied by an eastward lateral translation may
create hemispherical differences [Monnereau et al., 2010;
Alboussiére et al., 2010]. Neither provides an explanation
for anisotropy aligned with the Earth’s rotation axis.
Anisotropy can arise from two distinct categories of pro-
cesses. The texture can be frozen into the material structure
as the inner core grows during solidification, either because
of alignment with the magnetic field [Karato, 1993], or
with the direction of heat flow [Bergman, 1997]. Solidifi-
cation texturing would result in strong anisotropy appearing
at the top of the inner core and appears to be incompatible
with an isotropic top layer. The alternate category is post-
solidification texturing, arising due to deformation from
thermal convection [Jeanloz and Wenk, 1988; Buffett, 2009],
asymmetric growth [Yoshida et al., 1996], or magnetic field
stresses [Karato, 1999; Buffett and Wenk, 2001]. This would
lead to deeper anisotropy beneath an isotropic upper layer.
Improving our knowledge of the detailed velocity struc-
ture of the inner core is the first step to determining the pro-
cesses which create distinct structures in the east and west
hemispheres.
[9] The variation between previous studies in the observed
velocity structure, including the thickness of the isotropic
layer and strengths of anisotropy, is likely a result of a lack
of data. Here, we will improve global coverage by compiling
a new large data set containing all suitable events from 1990
to 2011. We will use this data set to constrain the seismic
velocity of the upper 100 km of the inner core, including its
layered depth structure, and also constrain any laterally
varying properties. We will then use our extensive data set to
derive a velocity model for each hemisphere, comprising the
isotropic velocities and anisotropic strengths. With this, not
only will we be able to constrain the anisotropy better than
previously, we will also be able to determine the sharpness
of the boundary separating the upper isotropy and lower
anisotropy in the western hemisphere, and infer the causative
mechanism of these properties.
2. Data and Methods
2.1. Data
[10] We study the uppermost inner core using PKIKP, a
seismic body wave which travels through the mantle, outer
core and into the inner core, along with reference phase
PKiKP, which follows the same path as PKIKP through the
mantle and outer core but instead reflects from the inner core
boundary (Figure 1a). PKIKP and PKiKP have very similar
paths through the crust, mantle and outer core, diverging
only in the uppermost inner core. Therefore the discrepancy
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between actual and predicted arrival times for these phases is
a result only of the velocity structure in the upper inner core
differing from the seismic reference model. The ideal event
for examining PKIKP and PKiKP must be able to produce
observable signals which are well-separated from each other,
from surface reflections such as pPKIKP and pPKiKP, and
from any other outer core phases. This requires impulsive
rupture mechanisms, with 5.2 < Mw < 6.3, an event depth of
15 km or deeper and epicentral distances of 130°–143°
(Figure 1b), at which PKIKP samples up to approximately
100 km deep into the inner core. We filter the broadband
vertical component seismic data between 0.7 and 2.0 Hz, to
center on the dominant frequency of the phases at 1.0 Hz.
This filter removes any higher frequency precursors to
PKIKP resulting from CMB scattering, in addition to signals
from lower frequency PKP-B diffraction, both of which
would otherwise interfere with the PKIKP arrival and com-
plicate picking [Cormier, 1999; Thomas et al., 2009].
[11] Following processing, the seismograms are inspected
for quality, to ensure only those with low noise levels and
clearly visible phases are used. The considerably larger
quantity of data available to us in comparison to previous
studies allows us to select only the highest quality seismo-
grams. The phases are then picked using a combination of
cross-correlation and hand-picking techniques (Figure 1c),
exploiting the property that the phases have very similar
waveforms, but opposite polarities, similar to the method
used by Irving and Deuss [2011b]. Each phase is initially
picked using cross-correlation; all are visually inspected,
then hand-picked if the cross-correlation is not robust
enough. The measured differential travel times of PKIKP-
PKiKP are compared with those predicted by seismic refer-
ence 1D Earth model AK135 [Kennett et al., 1995] to obtain
differential travel time residuals:
dt ¼ tPKiKP  tPKIKPð Þdata  tPKiKP  tPKIKPð Þmodel ð1Þ
where tPKiKP is the travel time of PKiKP and tPKIKP is the
travel time of PKIKP. A positive travel time residual indi-
cates that the data differential is larger than the AK135
predicted value and thus that the PKIKP phase arrives early.
This translates to a higher velocity structure along the
PKIKP raypath than modeled in AK135. Likewise, a nega-
tive residual corresponds to a lower velocity structure. For
this analysis we attribute any regional differences observed
only to the inner core and not the outer core; a recent
investigation by Cormier et al. [2011] finds that this
assumption is valid.
[12] We examined a total of 1300 events, resulting in
49095 seismograms. Processing and quality checks reduce
the quantity of seismograms significantly. We expanded on
the data set from Waszek et al. [2011], updating it to include
118 new data points so that the final data set now contains
2615 seismograms of sufficient quality from all suitable
Figure 1. (a) Raypaths of PKIKP (blue) and PKiKP (red) for an event at 100 km depth. (b) Travel time
curves for PKIKP and PKiKP; the two phases will be separate for an earthquake-receiver epicentral
distance range of 130°  143°. (c) Narrow band-passed displacement seismogram from an event on
5 September 2009 in Peru, observed at station AAK at an epicentral distance of 139° from the event.
The first arrival is the PKIKP phase, which has traveled through the inner core; the outer core reflected
phase PKiKP is observed to arrive just under 2 s later.
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events between 1 January 1990 and 6 April 2011. This is
therefore the most extensive PKIKP-PKiKP differential
travel time residual study to date.
2.2. Anisotropy Measurement and Modeling
[13] Anisotropy is detected by examining any systematic
variations in travel time residuals for paths with different
directions in the inner core. The direction of a raypath is
described by the variable z, which is the angle between the
raypath of PKIKP at its turning point in the inner core and
the Earth’s rotation axis. Polar paths are defined as those
with z < 35°, and non-polar or equatorial paths have z > 35°.
Anisotropy oriented in a direction aligned with the Earth’s
rotation axis will be detected as a difference in travel time
residuals between the polar and equatorial raypaths.
[14] For weak anisotropy, the perturbation to the differ-
ential travel time residuals from the reference model, dt, can
be written as a function of a quartic in cosz [Creager, 1992]:
dt ¼ aþ b cos2z þ c cos4z ð2Þ
where a, b and c are related to the Love coefficients [Love,
1927]. The equatorial direction corresponds to z = 90° and
the polar direction to z = 0°, thus we can determine the
equatorial and polar travel time perturbations using the fol-
lowing equations:
dteq ¼ a ð3Þ
dtpol ¼ aþ bþ c ð4Þ
where dteq is the equatorial travel time perturbation to
AK135, and dtpol is the polar travel time perturbation. The
strength of anisotropy is subsequently obtained as the travel
time difference in seconds between the polar and equatorial
raypaths:
dtani ¼ bþ c ð5Þ
The isotropic travel time perturbation to the reference Earth
model may be obtained from averaging the travel time per-
turbation over all directions [Creager, 1999]:
dtiso ¼ aþ b3þ
c
5
ð6Þ
2.3. Velocity Modeling
[15] We partition our data into layers according to the
PKIKP turning point below the ICB (15–30 km, 30–57.5 km
and 57.5–106 km), as predicted for each raypath from TauP
[Crotwell et al., 2000], in order to study the changes in travel
time perturbation with depth. These depth ranges are
selected as they partition the data approximately equally,
while also corresponding to apparently sharp discontinuities
in structural properties of the inner core: at 30 km depth
below the ICB in the east hemisphere, and at 57.5 km in the
west hemisphere (discussed in detail later). The results for
each depth layer are affected by the structure above it, which
we need to account for when investigating the properties of
each layer. We remove the effect of the upper structure on
the deeper layers by determining the contribution from each
layer sequentially. First we use PKIKP rays which travel
only in the upper layer to determine the anisotropic strength
and isotropic travel time perturbation in this depth range.
Using these values, we then calculate and remove the con-
tribution of the upper layer from PKIKP raypaths traveling
in the middle layer. The remaining perturbation therefore
results only from the middle layer. For the lowermost layer,
we again remove the contributions from the upper and
middle layer according to the values determined for the
upper two layers; the remainder of the perturbation results
only from the lower layer.
[16] From the travel time perturbations for each layer, we
subsequently calculate a layered velocity structure for each
hemisphere, using the relationship:
dt
t
¼ dv
v
ð7Þ
where t is the travel time of the PKIKP raypath through the
relevant layer, and v is the velocity of the relevant layer in
the AK135 model. We use travel times of PKIKP raypaths
through the inner core as predicted by TauP [Crotwell et al.,
2000].
2.4. Error Analysis
[17] We use cross-validation for determining the errors on
the coefficients a, b and c obtained from fitting equation (2)
to the data set. This technique involves removing a random
10% of the data, and then performing the same calculations
to obtain the coefficients; this process is repeated 10 times
removing a different 10% of the data for each iteration. The
maximum range of these coefficients provides us with an
error on each of the originally calculated a, b and c
coefficients.
3. Results
3.1. General Observations
[18] We first seek a preliminary overview of the velocity
structure of the uppermost inner core. Figure 2 shows the
PKIKP-PKiKP differential travel time residuals as a function
of PKIKP turning point longitude and depth below the ICB.
Both polar and equatorial paths are included. The eastern
hemisphere shows a majority of positive residuals (red data
points), indicating higher velocity structure than the refer-
ence model AK135, while the western hemisphere contains
mainly negative residuals (blue points) as a result of lower
velocity structure. We define the boundaries between the
hemispheres as located at the longitude where the residuals
change from mainly positive to negative, ignoring the polar
paths in the deepest layer. In Figure 2, this is the point where
the data points change from predominantly red to blue, and
here we indicate the hemispheres boundaries with solid
black lines. These locations are also contained in Table 1.
Due to additional data from the boundary regions, we are
able to determine improved boundary locations from those
of Waszek et al. [2011] and narrow the location range for
the east boundary in the top layer. For the ranges of values,
we take the midpoint as the longitude of the boundary for
Figure 2. We also observe in Figure 2 that the travel time
perturbations in each hemisphere remain consistently posi-
tive (or negative) right up to the hemisphere boundaries, with
negligible overlap between positive and negative residuals
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near the boundaries. This indicates that the boundaries
separating the hemispheres are sharp, and remain so to all
depths in the upper 100 km of the inner core.
[19] Figure 2 also provides us with some preliminary
information regarding the layered velocity structures within
each hemisphere. The data are partitioned according to
PKIKP turning point depth below the ICB, indicated with
dashed black lines at 30 km and 57.5 km depth. We first note
the appearance of red data points (i.e. positive travel time
residuals) in the west hemisphere at depths below 57.5 km;
these correspond to anisotropy which will be discussed in
section 3.4. We also note that the upper layer of the west
hemisphere has predominantly very light blue data points,
corresponding to a small perturbation in the velocity from
AK135. The east hemisphere contains mainly light red data
points, but in the upper layer we can detect a large number
of darker red points, indicating a higher velocity region. We
will discuss the layered velocity structure in more detail in
section 3.3.
[20] Next we investigate the PKIKP-PKiKP residuals as a
function of PKIKP turning longitude, partitioned according
to the PKIKP turning depth below the ICB (Figure 3). In
Figure 3, the anomalous fast anisotropic polar paths are
omitted, and the sharp hemisphere boundaries are therefore
more clearly visible than in Figure 2.We then partition the data
into longitudinal bins approximately 20° wide and determine
the average travel time residual for each bin (shown as larger
circles). The vertical bars correspond to the standard deviation
of the average residual, which is an indicator of the spread of
the data points and hence reveals the amount of scattering
within each hemisphere. The standard deviation is consistently
larger in the east hemisphere than the west, indicating that the
travel time perturbations in the eastern hemisphere are more
scattered.
[21] The Fresnel zones of our PKIKP rays in the inner core
are approximately 100 km in diameter, thus the average
spacing of the rays and the scatter on their travel time resi-
duals can provide information regarding heterogeneities on
scale lengths of this order. The upper east hemisphere is the
region which shows greatest scatter in travel time residuals;
here, we find that the difference in residuals is in excess of 1 s
for PKIKP raypaths separated by as little as 4 km. Cormier
[2007] and Leyton and Koper [2007] observe greater scat-
tering in PKiKP coda in the eastern hemisphere; this results
from smaller-scale heterogeneities with scale lengths of the
order 1–10 km. Combining their results with our observa-
tions indicates that the east hemisphere is heterogeneous at a
large range of scale lengths. The scatter is smallest in the
upper layer in the west hemisphere, with PKIKP raypaths
separated by up to 50 km showing a difference in residuals of
less than 0.2 s. The scatter in the west hemisphere increases
gradually with depth; in the deepest layer, the east and west
show a similar amount of scatter.
[22] There is currently insufficient suitable data available to
perform detailed regional studies throughout the hemispheres;
Figure 2. PKIKP-PKiKP differential travel time residuals as a function of PKIKP turning point longitude
and depth below the ICB. The plot includes all paths: the red points in the deepest layer of the west hemi-
sphere are a result of anisotropy affecting polar paths. The boundaries separating the positive residuals (red
points) and negative residuals (blue points) shift eastward with increasing depth; they are also observed to
be sharp, revealing the transition between the two hemispheres is not gradual.
Table 1. Longitude, or Ranges of Longitudes, of the Hemisphere
Boundary With Increasing Depth Below the ICB
Depth Below ICB (km) West Boundary East Boundary
15–30 173° 10°–14°
30–57.5 169° – 160° 21°
57.5–106 161.5° 35°–41°
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combined with an uneven spread in PKIKP raypaths
this results in difficulty confirming any large-scale non-
hemispherical differences. At present, we are not able to detect
any regional variations in the velocity structure within the
hemispheres themselves (Figure S1 of the auxiliary material).1
We also do not find any evidence for large-scale regional
variations in the scatter within the hemispheres, and find that
the few locations with dense data coverage display consistent
scatter throughout. However, the uneven spread in data means
that we also cannot rule out the existence of smaller-scale non-
hemispherical differences in both velocity and scatter, which
may be detected as more data becomes available. Non-hemi-
spherical variations were observed by Deuss et al. [2010]
using normal modes, which are sensitive to the whole inner
core and do not suffer from uneven data coverage.
[23] We finally investigate the travel time perturbations as
function of z (Figure 4), to determine the isotropic, equatorial
and polar travel time perturbations. Again, the data are sep-
arated according to PKIKP turning point depth below the
ICB. We fit equation (2) to our data to obtain the coefficients
a, b and c; the calculated curves are also contained in Figure 4
and the coefficients are in Table 2. The strength of anisotropy
is related to the shape of the fitted curve: a more vertical line
corresponds to weaker anisotropy.
Figure 3. PKIKP-PKiKP differential travel time residuals
as a function of PKIKP turning point longitude and turning
depth for (a) 15–30 km below the ICB, (b) 30–57.5 km
and (c) 57.5–106 km. Anomalous polar paths from the dee-
pest data are omitted. Vertical dashed lines indicate the
hemisphere boundaries. Red points are eastern hemisphere
data, blue are west. The data are binned for 20° longitude
(larger circles); error bars indicate the standard deviation of
the average residual for each bin.
Figure 4. Differential travel time residuals as a function of
z, the angle between the PKIKP raypath in the inner core
and the Earth’s rotation axis, partitioned by turning point
depth: (a) 15–30 km below the ICB, (b) 30–57.5 km and
(c) 57.5–106 km. The lines represent the solutions of
equation (2) for the respective hemispheres; east hemisphere
data are in red, west hemisphere are in blue. The hemisphere
boundaries used are those which shift with depth according
to Waszek et al. [2011].
1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008650.
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[24] Using Figure 4, we confirm that the velocity structure
of both hemispheres consistently deviates from the reference
model AK135. The western hemisphere (blue data points)
contains mostly negative residuals, and thus is slower than
AK135; the eastern hemisphere (red points) has predomi-
nantly positive residuals and is therefore faster. These dif-
ferences persist over all three layers. It is clear in Figure 4
that the uppermost layer of the eastern hemisphere (Figure 4a)
has larger travel time perturbations than the deeper regions
(Figures 4b and 4c), indicating a higher velocity top layer.
We also observe that the two upper layers of the inner core
show weak anisotropy in both hemispheres, while only the
deeper western hemisphere is strongly anisotropic.
3.2. Sharpness of Hemisphere Boundaries
[25] The sharpness of the hemisphere boundaries is an
important issue in determining the mechanism responsible
for the hemispherical differences. We have already
discussed that the hemisphere boundaries shift eastward with
depth, as was also observed by Waszek et al. [2011]. Here,
we would like to pay particular attention to the fact that the
hemisphere boundaries remain consistently sharp in each
depth layer, and that the hemispherical structure is distinct
right up to the boundaries. A gradual shift between the
structure of the two hemispheres would result in sinusoidal
travel time perturbations in Figure 3. This is observed in
Figure 3c for the deepest layer, but not in Figures 3a or 3b
for the two top layers, where the residuals behave almost
asymptotically toward the boundary at 10–20°E. We also
find that altering the reference model from AK135 to
PREM2 [Song and Helmberger, 1995] does not affect the
apparent sharpness of the boundaries, and thus it is unlikely
to be an artefact of the model used.
[26] Our extensive data set also allows us for the first time
to investigate the sharpness of the hemisphere boundaries
across the entire surface of the inner core. Figure 5 contains
PKIKP-PKiKP travel time residuals in projections from the
North and South poles. The positive travel time residuals
(red points) in the fast eastern hemisphere are clearly sepa-
rated from the negative residuals (blue points) of the slow
western hemisphere; the boundaries are marked on Figure 5
as black lines. We observe that the boundaries remain sharp
across the poles. The large quantity of data in the North pole
region (Figure 5a) in particular confirms the well-defined,
distinct hemispherical structure.
3.3. Layered Isotropic Velocity Structure
[27] The two hemispheres in the upper inner core display a
distinct difference in isotropic velocity structure, i.e. the
average velocity over all directions, which is well-docu-
mented [Niu and Wen, 2001; Garcia, 2002; Cao and
Table 2. Original Coefficients as Calculated From Equation (2)
for Each Layer With Respect to Model AK135
Depth (km)
15–30 30–57.5 57.5–106
West
a (s) 0.21  0.01 0.33  0.01 0.36  0.01
b (s) 0.22  0.07 0.19  0.06 1.32  0.09
c (s) 0.30  0.08 0.29  0.07 2.54  0.09
East
a (s) 0.29  0.02 0.11  0.01 0.15  0.02
b (s) 0.08  0.11 0.09  0.07 0.15  0.15
c (s) 0.31  0.12 0.54  0.09 0.72  0.20
Figure 5. Maps showing PKIKP-PKiKP differential travel time residuals in the vicinity of (a) the north
pole and (b) south pole. Polar paths are excluded. The circles are located at the PKIKP turning points,
while the thin black lines represent the PKIKP raypaths through the inner core. The continents are pro-
jected onto the inner core boundary in grey. Hemispherical structural differences are observed to pass
through the poles, with sharp boundaries.
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Romanowicz, 2004; Waszek et al., 2011]. We confirmed this
observation and showed that the west hemisphere contains
mainly negative residuals, while the east hemisphere has a
majority of positive residuals (see Figures 2–5).
[28] We now use the a, b and c coefficients from Table 2
to determine the depth-corrected coefficients for each layer,
using the technique described in the methods section; these
depth-corrected coefficients are listed in Table 3. The per-
turbations to the isotropic travel time dtiso are then calculated
using equation (6). These values are converted to perturba-
tions to the AK135 velocity structure dviso using predictions
for the PKIKP travel time through the inner core determined
from TauP. The calculated perturbations to the AK135 iso-
tropic inner core velocity are listed in Table 3; we also list
the anisotropic strength in each layer, which we will discuss
in the next section. The resulting velocity model for the
uppermost inner core is shown in Figure 6. The errors on the
values, shown as the shaded regions around the lines, are
determined using cross-validation. Larger errors for polar
velocity are a result of fewer data points; the well con-
strained equatorial and isotropic velocities are due to the
many equatorial paths studied.
Table 3. Depth Corrected Coefficients as Determined From
Equation (2) Calculated for Each Layer With Respect to Model
AK135a
Depth (km)
15–30 30–57.5 57.5–106
West
a (s) 0.21  0.01 0.19  0.01 0.15  0.01
b (s) 0.22  0.07 0.05  0.08 1.20  0.10
c (s) 0.30  0.08 0.11  0.08 2.35  0.11
dviso (km s
1) 0.06  0.01 0.06  0.01 0.02  0.01
dvani (km s
1) 0.02  0.03 0.02  0.04 0.31  0.04
dvani (%) 0.18  0.25 0.19  0.36 2.76  0.36
West
a (s) 0.29  0.02 0.07  0.01 0.07  0.02
b (s) 0.08  0.11 0.04  0.10 0.09  0.17
c (s) 0.31  0.12 0.34  0.12 0.38  0.22
dviso (km s
1) 0.09  0.01 0.00  0.01 0.03  0.02
dvani (km s
1) 0.06  0.04 0.11  0.05 0.08  0.07
dvani (%) 0.55  0.40 0.95  0.47 0.70  0.67
aThe calculated perturbations to the isotropic velocity and the anisotropic
strength as also listed.
Figure 6. Calculated layered velocity models for the west and east hemispheres showing the (a, b) iso-
tropic and (c, d) equatorial (darker shades) and polar (lighter shades) velocities. These may be compared to
the reference Earth model, AK135 (thick black line). Shaded regions indicate the size of the error on the
velocity models.
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[29] We again find that the west hemisphere (Figure 6a)
has a lower isotropic velocity than AK135 in the top
57.5 km, in agreement with the negative velocity perturba-
tions in Figure 2. The east hemisphere (Figure 6b) has a
larger isotropic velocity than AK135 in the top 30 km. This
hemispherical difference in velocity gradients shows the
same trend as previous observations [Wen and Niu, 2002; Yu
and Wen, 2006]. We find that the isotropic velocity structure
of both west and east hemisphere is tending toward that of
AK135 with increasing depth.
[30] On average, we find that the difference in the isotro-
pic velocity between the hemispheres is 0.8%, which falls
within the range suggested by numerous previous studies
[Tanaka and Hamaguchi, 1997; Niu and Wen, 2001; Cao
and Romanowicz, 2004]. However, our significantly larger
data set also allows us to determine a much more detailed
layered velocity structure. In the upper 30 km of the inner
core we find that the isotropic velocity difference between
the hemispheres is 1.4%, in agreement with Garcia [2002].
The difference between 30–57.5 km depth decreases to
0.8%; below 57.5 km the difference is negligible at 0.2%,
tending toward the preferred value of Sun and Song [2008].
In this deepest layer, the AK135 velocity structure lies
within the error bounds of the values of both hemispheres,
thus the difference in isotropic velocity is confined to the
upper 57.5 km of the inner core.
[31] The most surprising find is a high velocity layer in the
top 30 km of the eastern hemisphere (Figure 6b); a layer of
this thickness throughout the hemisphere has not been
reported in any previous studies. We see this high velocity
layer in both the equatorial (Figure 6d) and isotropic velocity
(Figure 6b). It is also clearly visible in Figure 2 as large
differential travel time residuals in the top layer, and in
Tables 2 and 3 as a higher a coefficient for the uppermost
layer. The layer is separated from the deeper region (>30 km
depth) by a negative jump in seismic isotropic velocity of
0.07 km s1.
3.4. Anisotropy
[32] Anisotropy in the western hemisphere, which has
predominantly negative travel time residuals, is detected by
the presence of anomalously positive differential travel time
residuals. To determine the depth at which anisotropy
appears in the western hemisphere, we examine Figure 2 for
positive residuals, and in particular the depth at which these
residuals first begin to appear. We find that anomalous
positive residuals start appearing for paths in the western
hemisphere with PKIKP turning points greater than 57.5 km
depth, indicating the onset of anisotropy. We do not observe
any anomalous positive residuals for paths with turning
points shallower than 57.2 km depth below the ICB. Thus
we locate the boundary between the second and third layer at
57.5 km depth. Of course, the exact depth is dependent on
the velocity model used. But we find that by 60 km depth a
significant number of anomalous polar paths have appeared
between longitude of 80°W and 40°E, so there are no strong
variations in isotropic layer thickness over most of the
western hemisphere. For simplicity, we refer to the layer as
57.5 km thick for the remainder of the paper. We determine
the fast and slow axes of this anisotropy through examining
the PKIKP-PKiKP travel time residuals as a function of z, in
Figure 4. This reveals (Figure 4c), that these anomalous fast
data indeed correspond to the polar raypaths, defined as
those with z < 35°. Thus, in agreement with previous stud-
ies, the anisotropy is oriented with the fast direction aligned
with the Earth’s rotation axis, and symmetric about this axis.
[33] The anisotropic strength is defined as the difference
between the polar and equatorial velocities in percent. Our
depth-corrected results for anisotropic strength are presented
in Table 3, and the subsequently determined anisotropic
velocity models are contained in Figures 6c and 6d. Earlier
studies did not clarify the various ‘descriptive’ strengths of
anisotropy; here, we define strong anisotropy as being
greater than 2%, weak anisotropy between 0.5%–1%, and
strengths of 0.5% or less as isotropic.
[34] We find that all western polar data with PKIKP
turning points deeper than 57.5 km below the ICB are
strongly anisotropic (Figure 4c), with a strength of 2.8%; as
a result of the large quantity of data points, this value
represents the most accurate yet. Anisotropy of less than
0.2% is observed in shallower structure in the western
hemisphere; 0% anisotropy is within the error ranges,
revealing the presence of an isotropic layer of approximately
57.5 km thick. The increase in anisotropy to 2.8% at this
depth is in good agreement with the recent study by Yu and
Wen [2007]. The strength of deeper anisotropy we observe
corresponds well with Creager [1999, 2000], Garcia and
Souriau [2000], and Sun and Song [2008], although we
have used a larger data set to improve upon their constraints
on the thickness of the isotropic uppermost structure.
[35] Our thickness of 57.5 km for the upper isotropic layer
in the western hemisphere corresponds well to the results
found by Song and Helmberger [1995], Ouzounis and
Creager [2001], and Yu and Wen [2007]. A number of other
studies found evidence for thicker layers of 100 km [Creager,
2000], 150 km [Sun and Song, 2008] and between 100–
200 km thickness [Song and Helmberger, 1998; Garcia and
Souriau, 2000]; here, we have improved upon these con-
straints due to a significant increase in data coverage. Sun and
Song [2008] find anisotropy in their model for depths
shallower than 100 km in the western hemisphere, but argue
that this is caused by model smoothing which may produce
artefacts manifested as anomalously shallow anisotropy. As
we observe this layer directly from our data rather than through
interpretations from our model, we are confident that anisot-
ropy in the western hemisphere starts at depths shallower than
100 km. Our results are also in good agreement with recent
normal modes observations by Irving and Deuss [2011a];
earlier studies by Tromp [1993] and Beghein and Trampert
[2003] did not allow for a thin isotropic layer, and they
ignored normal mode coupling which is key in showing that
an isotropic layer is possible [Irving and Deuss, 2011b]. We
are unable to determine if there is another boundary to a further
increase in anisotropic strength at 200–250 km depth below
the ICB as detected by Song and Helmberger [1998] and Song
and Xu [2002] as our data reaches a maximum depth of
106 km. But if a boundary exists at larger depths, it will have
to be an increase in the already existing anisotropy, and it
cannot be a change from isotropy to anisotropy.
[36] We observe weak anisotropy of up to 1.0% throughout
most of the uppermost inner core in the eastern hemisphere
(Figure 6c). The lack of more significant layering in the
anisotropic structure is in good agreement with several pre-
vious observations, as is the weak strength of the anisotropy
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[Creager, 1999, 2000; Garcia and Souriau, 2000; Sun and
Song, 2008]. Our results are in contrast with Niu and Wen
[2002], who find that the eastern hemisphere is isotropic up
to 200 km depth in the inner core, with only 0.4% anisotropy
in the deeper parts. As our data set is significantly larger, we
speculate that their smaller data set did not contain any polar
paths in the required depth range to show the shallow anisot-
ropy. It is interesting to note that the eastern hemisphere shows
stronger anisotropy in the top two layers than the western
hemisphere, which can be considered isotropic at these depths.
[37] Figure 7 contains only the polar paths as seen from
the North pole in a slice through the equator, and shows the
residuals as a function of PKIKP turning depth below the
ICB. In Figure 7, the size of the circles corresponds approx-
imately to the Fresnel zone of the PKIKP phases. Here, we
observe that the polar paths from the western hemisphere
jump rapidly from negative residuals (blue data points) to
positive residuals (red points) at a depth of 57.5 km below the
ICB; there is not a gradual change from negative to positive
residuals, in agreement with Figure 2.
3.5. Waveform Modeling
[38] Using WKBJ [Chapman, 1976], we created synthetic
seismograms to investigate the sharpness of the layers in the
eastern and western hemisphere velocity models. We are
particularly interested in discontinuity reflections similar to
those observed by Song and Helmberger [1995]. In each
case, we use seismograms from an event which produces
ray paths which traverse one hemisphere only, and have
epicentral distances corresponding to PKIKP turning points
both above and below the discontinuity. For our models,
synthetics with and without reflection from the discontinuity
at 30 km depth in the east (PKiKP30) and 57.5 km depth in
the west (PKiKP57.5) are calculated.
[39] In both hemispheres, we find a closer match between
the predicted and observed travel times of PKIKP relative to
PKiKP when using our updated model compared to refer-
ence model AK135. For the west hemisphere (Figures 8a
and 8b), our model also results in an improvement in the
waveform of PKiKP. The additional phase PKiKP57.5 can
be detected in our synthetic data (Figure 8b), improving the
fit of the synthetic trace compared to the observed seismo-
gram. The fact that a reflection can be observed from this
interface indicates that the change from isotropic to aniso-
tropic structure must occur over a depth range of less than
l/4, where l is the wavelength of the ray [Richards, 1972].
For our data, this corresponds to a thickness of less than 3 km
for the discontinuity, which has implications for the potential
mechanisms causing the anisotropy. Therefore, both the
boundaries separating the hemispheres, as discussed in
Figure 7. View from the North pole showing PKIKP-PKiKP differential travel time residuals for polar
raypaths (z < 35°) as a function of PKIKP turning point depth. Circle size equates to the size of the PKIKP
Fresnel zones at their turning point. The east hemisphere shows positive residuals (red) points; the upper
western hemisphere has negative (blue) residuals, while the deeper structure shows the anisotropy as pos-
itive residuals. The shifting hemisphere boundaries (Table 1) are shown with thick black lines. To the left
is an enlarged portion of the west hemisphere showing the sharp change between the upper isotropic struc-
ture and lower anisotropy.
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section 3.2, and the discontinuity at 57.5 km depth separating
the isotropic and anisotropic velocity structures in the west-
ern hemisphere are sharp.
[40] For the east hemisphere (Figures 8c and 8d), our new
model also results in an improvement in differential travel
times. Using our newmodel alone, we observe a significantly
better match in the amplitude of the PKIKP arrival, which is a
result of the high velocity upper layer (Figure 8d). The
addition of the reflected phase results in a slight improvement
of the synthetic trace, but cannot be detected as an arrival.
The smaller amplitude of the arrival means that the change is
not as dramatic as that in the western hemisphere; this is
expected as the velocity jump at the discontinuity is smaller.
3.6. Summary of Observations
[41] The velocity structure of the upper inner core is
complicated, showing abrupt changes both laterally and with
depth. The western hemisphere has an isotropic velocity
lower than AK135 and displays a clear layered structure,
comprised of an uppermost 57.5 km which is isotropic, and
a lower layer with strong anisotropy of 2.8%. The sharp
jump in anisotropy can be seen in the abrupt increase in
polar velocity (Figure 6c). There is no equivalent abrupt
change at this depth in the structure of the eastern hemi-
sphere (Figure 6d). The west hemisphere shows only a small
amount of scatter in the PKIKP-PKiKP travel time residuals,
which increases with depth.
[42] The east hemisphere is consistently faster than refer-
ence model AK135, accompanied by considerably more
scattered residuals than in the western hemisphere. It dis-
plays approximately constant weak anisotropy of less than
1.0% up to the largest depth studied of 106 km below the
ICB. In this hemisphere we detect, for the first time, a high
velocity layer in the upper 30 km which also shows the
largest amount of scatter. At 30 km we observe an abrupt
decrease in the isotropic velocity of 0.6%; the deeper struc-
ture follows AK135. The discontinuity at 30 km is noted in
the east hemisphere only, with no corresponding change at
this depth in the west hemisphere.
4. Discussion
4.1. Sharp Hemisphere Boundaries
[43] The seismic velocity structure of the uppermost inner
core is strongly hemispherical, in both its isotropic velocity
and anisotropy. Through extra data coverage in the regions
near the boundaries, we are able to improve the constraints
on the shifting hemisphere boundaries first reported by
Waszek et al. [2011]. With the ever increasing quantity of
seismometers in different regions of the Earth, we will be
able to improve the accuracy of the boundary locations even
more over time, through targeting raypaths in the appropriate
regions. As can be observed in Figure 2, the hemisphere
boundaries are sharp, separating distinct regions. If the dif-
ference between the hemispheres was gradual, we would
expect that the PKIKP-PKiKP residuals in the boundary
region would show scatter throughout a transition region
between the hemispheres. Alternatively we might expect the
residuals to be close to an intermediate value between the
two hemispheres. On the contrary, Figures 3a and 3b show
that the eastern hemisphere residuals become larger when
closer to the boundary at 10–20°E, indicating that within the
fabric of the inner core there are distinct jumps at the bound-
aries, with little overlap in the structures of the hemispheres.
[44] We find that this sharpness of the hemisphere bound-
aries is a global phenomenon, with a clear separation detected
even in the polar regions (Figure 5). This has implications for
the mechanisms which create the hemispheres, and in partic-
ular some of the recently proposed ideas. These ideas assume
that the hemispheres are generated by inner core growth pro-
cesses driven by large scale motion in the outer core [Sumita
and Olson, 1999; Aubert et al., 2008; Monnereau et al.,
2010; Alboussiére et al., 2010]. The most recently proposed
idea involves eastward lateral translation of the inner core as a
result of melting in the eastern hemisphere and freezing in the
west hemisphere [Monnereau et al., 2010; Alboussiére et al.,
2010]. This translation process would not be able to produce
sharp boundaries separating the two hemispheres; instead
there would be a gradual change from western to eastern
Figure 8. Observed and synthetic seismograms for PKIKP
and PKiKP paths in (a, b) the west hemisphere from an event
in the South Sandwich Islands on 11 September 2004,
and (c, d) the east hemisphere for the Sumatra event of
10 October 2007. The station, direction z and PKIKP turning
depth below the ICB are indicated on each panel. Synthetics
for our model fit the observed data better than the reference
model AK135. For the deeper paths, the phases which reflect
from the interface at 30 or 57.5 km are included, denoted
PKiKP30 and PKiKP57.5.
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structure. The residuals in the transition region between the
west and east, in particular in the polar regions, would be
smeared out. Furthermore, it would be expected that the travel
time residuals would become more positive with increased
distance of the PKIKP turning point from the center of the
western hemisphere, as was shown in Figure 1d of the study by
Monnereau et al. [2010]. Our data set contains a significantly
larger amount of measurements, so we plot our data in the
same manner to test this hypothesis (Figure 9). Our data does
not follow the trend predicted byMonnereau et al. [2010]. We
binned our data to investigate if any other trend exists, and
found a decrease in residual with distance for the western
hemisphere instead. We also observe that the boundary at 90°
is sharp, and not gradual. Therefore, our data are incompatible
with the theory of inner core translation as proposed by
Monnereau et al. [2010] and Alboussiére et al. [2010].
[45] Another currently favored idea suggests that the
hemispheres arise as a result of different cooling rates in the
east and west hemispheres [Sumita and Olson, 1999; Aubert
et al., 2008]. Thermochemical coupling with the mantle
creates stronger heat flow across the core-mantle boundary in
the east, causing hemispherical differences in convection
rates of the outer core. As a consequence, faster solidification
in the east leads to less texture, weaker anisotropy, stronger
attenuation and a larger isotropic velocity in the eastern
hemisphere [Aubert et al., 2008]. However, the large-scale
solidification processes described by Aubert et al. [2008] do
not show a sharp boundary between the east and west
hemisphere. While Cormier [2007, 2009] suggest that lateral
differences in crystallization rates may be able to produce
smaller-scale variation, it is still unclear how such sharp
boundaries can be produced.
[46] The difference between the hemispheres may also be
historical in origin [Tanaka and Hamaguchi, 1997], but must
currently be maintained by outer core processes as outlined
above. However, the mechanism which generates the sharp
hemisphere boundaries remains unclear, much in the same
way as the mechanism which produces the difference
between the continents and the oceans on the Earth’s surface.
4.2. Velocity Structure
[47] We observe the presence of distinct layering with
depth in each hemisphere, with no apparent relationship
between the structures. The west hemisphere displays an
abrupt change at approximately 57.5 km below the ICB, from
an isotropic upper structure to deeper anisotropy. We do not
observe any such change at this depth in the east hemisphere.
Similarly, we detect a high velocity layer in the uppermost
east hemisphere, up to depths below the ICB of 30 km, at
which point there is a negative jump in isotropic seismic
velocity. The west hemisphere does not display any abrupt
change at this depth. This would indicate that a mechanism
acting on the inner core can produce an observable change in
one hemisphere, but have no effect on the other. Therefore it
appears that seismic isotropic velocity and anisotropic
structures in the two hemispheres are possibly independent,
with the response of the material to external mechanisms
differing between hemispheres.
[48] The high velocity and strongly scattered upper layer
of 30 km thickness in the east hemisphere has implications
for the crystal organization and composition in the top of the
inner core [Cormier, 2007; Leyton and Koper, 2007]. Light
elements decrease the density and increase the compres-
sional velocity of iron at high pressure [Badro et al., 2007;
Antonangeli et al., 2010]. Therefore the high velocity layer
may indicate the presence of more light elements in the top
of the eastern hemisphere compared to the deeper structure.
This would also indicate a higher proportion of light ele-
ments in the overlying region of the outer core, in agreement
with Yu et al. [2005]. More light elements in the eastern
outer core would lead to more vigorous convection here and
therefore more random solidification of the eastern hemi-
sphere [Cormier, 2007], ultimately resulting in greater
scatter. Therefore, we are able to link both the high velocity
and enhanced scatter in the uppermost east hemisphere to the
presence of light elements. Cormier [2007] suggested that as
a result of faster solidification in the eastern hemisphere, the
longer length scales of anisotropy are oriented perpendicular
to the ICB, while in the slower-cooling western hemisphere
these long length scales are arranged parallel to the ICB. The
resulting texture produces greater scatter in the upper eastern
hemisphere, and stronger anisotropy in the west, both in
excellent agreement with our observations.
[49] There are two different categories of mechanisms
which can produce alignment of the anisotropy with Earth’s
rotation axis: it can either be frozen in during solidification,
or it can be generated by post-solidification deformation. The
first mechanism involves the anisotropic properties being
frozen into the material structure of the inner core as it grows
over time, either by aligning with the magnetic field [Karato,
1993] or with the direction of heat flow [Bergman, 1997].
This would result in anisotropy being present at the top of the
inner core, and is therefore incompatible with our observa-
tion of an upper isotropic layer in the western hemisphere.
However, it may be able to explain the consistent presence of
weak anisotropy throughout the upper 100 km of the eastern
hemisphere.
[50] The second mechanism to generate anisotropy is a
post-solidification deformation, which can preferentially
deform the material crystals of the inner core to create the
directional-dependent velocity structure. Such a texturing
Figure 9. PKIKP-PKiKP residuals as a function of the dis-
tance between PKIKP turning point and the center of the west
hemisphere (0°N, 80°W fromMonnereau et al. [2010]). Data
for the eastern hemisphere are shown in red, west are in blue;
data in both hemispheres are binned (large circles). The pos-
itive correlation between travel time residual and distance
from the center of the western hemisphere, taken from
Monnereau et al. [2010], is indicated with a dashed line.
Our data does not display this relationship.
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process can arise from thermal convection in the inner core
[Jeanloz and Wenk, 1988; Buffett, 2009], magnetic field
stresses [Karato, 1999; Buffett and Wenk, 2001], or from
asymmetric growth of the inner core [Yoshida et al., 1996].
This type of process could explain the appearance of anisot-
ropy in the western hemisphere at a depth of 57.5 km below
the ICB. Convection within the top of the inner core would
erase any crystal alignment thereby creating an isotropic upper
layer [Deguen and Cardin, 2009]. Alternatively, Voc˘adlo
et al. [2009] proposed that an isotropic upper layer could be
caused by a property of hexagonal close packed (hcp) iron,
whereby close to melting temperature, the velocity along the
c-axis tends to that in the a – b plane. Previous studies had
suggested that the isotropic layer may be thicker; our new
measurement can be used to constrain the deformation regime
in the upper inner core as a function of depth, and may be used
to determine the thermal structure of the upper inner core.
[51] Bergman et al. [2010] proposed a third mechanism to
produce anisotropic structure which may also create hemi-
spheres, based upon eastward translation of the inner core
[Monnereau et al., 2010; Alboussiére et al., 2010]. Anneal-
ing during this translation could result in a loss of texture
from west to east, explaining the strong anisotropy in the
western hemisphere and negligible in the east. However, this
mechanism cannot explain the depth-dependence and the
uppermost isotropic layer. Furthermore, the lack of related
change in the east hemisphere at the depth at which anisot-
ropy appears in the west hemisphere provides further evi-
dence for hemispherical differences in the processes which
create anisotropy. Also, our observation of sharp boundaries
between the two hemispheres does not agree with the idea of
inner core translation.
[52] The sharp velocity interfaces with depth, which we
observe to be distinct in each hemisphere, suggest a com-
bination of post-solidification texturing or deformation
mechanisms which occur separately in the east and west
hemispheres. External forces resulting from gravitational or
electromagnetic torques would act on the entire inner core.
The fact that an abrupt change in one hemisphere does not
equate to an abrupt change in the other indicates that the
mechanisms occur independently within each hemisphere,
and there is no interaction between the two. Therefore, the
forces acting on the inner core produce different effects on
the material structure dependent on the hemisphere in
question, which indicates contrasting crystal orientations or
variations in composition such as the presence of more light
elements in the east hemisphere. The isotropic upper layer
we observe in the western hemisphere further supports the
idea that the deeper anisotropy is due to deformation tex-
turing, while the overall hemispherical difference in isotro-
pic velocity is maintained by outer core flow processes. This
is in good agreement with the study by Deguen and Cardin
[2009], which suggested that the deeper anisotropy is a
result of ancient deformation by the magnetic field or
solidification texturing, while the isotropic structure in the
upper layers is created by the current heterogeneous growth
of the inner core via ‘active tectonics’.
5. Conclusions
[53] We find that the seismic velocity structure of the
uppermost inner core displays strong hemispherical structure,
separated into distinct east and west regions which differ in
isotropic velocity, anisotropy, and layered velocity structure.
We observed sharp boundaries separating the hemispheres,
with no overlap between the structure of the two regions. The
sharp boundaries are incompatible with the inner core trans-
lation idea of Monnereau et al. [2010] and Alboussiére et al.
[2010].
[54] We confirm the presence of an isotropic upper layer in
the west hemisphere, and determine its thickness as 57.5 km.
The deepest west displays 2.8% anisotropy. The boundary
between the isotropic layer and the deeper anisotropy appears
to be sharp, indicating that the underlying anisotropy is a
result of a post-solidification deformation mechanism which
occurs at a depth of 57.5 km below the ICB.
[55] We also observe the presence of a high velocity layer
in the top 30 km of the east hemisphere. This previously
undetected high velocity lid shows a great amount of scatter,
and is separated from the deeper structure by an abrupt
interface. It is likely that the high velocity layer is caused by
a higher concentration of light element concentration at the
top of the eastern hemisphere. We do not observe a corre-
sponding change in the west hemisphere.
[56] There appears to be a lack of relationship between the
layered structure of hemispheres. An abrupt change in
velocity in one hemisphere does not equate to any sharp
change in the other. We observe the different structures right
up to the hemisphere boundaries, with no gradual change or
overlap between them. This indicates that the forces pro-
ducing the processes that generate the different velocity
properties act differently in each hemisphere. We suggest
that the continuing difference between the hemispheres is
caused by solidification processes in the outer core leading
to different texturing and light element concentrations in the
two hemispheres. However, the actual mechanism which is
responsible for the sharp boundary between the two hemi-
spheres currently remains unclear.
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